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Abstract 
 
Bacterial particle association has important consequences for water-quality monitoring and modeling. Parti-
cle association can change vertical and horizontal transport of bacterial cells, as well as patterns of persis-
tence and production. In this study, the abundance and particle association of total bacteria and the fe-
cal-indicator, Enterococcus, were quantified between June and October 2008 in the lower Hudson River Es-
tuary (HRE). Twelve sites were sampled, including mid-channel, near shore, and tributary habitats, plus a 
sewage outfall. Total bacterial cell counts averaged 9.2 × 109 ± 6.4 × 109 cell·l–1 (1 standard deviation), com-
parable to previous sampling in the HRE. Unlike earlier studies, bacterial abundance did not change consis-
tently along the north/south estuarine salinity gradient. Enterococcus concentrations were highly variable, 
but mid-channel stations had significantly lower values than other habitat categories. Counts of total bacteria 
and Enterococci were both correlated with turbidity, which was also significantly lower at mid-channel sta-
tions. A larger fraction of Enterococci were associated with particles (52.9% ± 20.9%, 1 standard deviation) 
than in the pool of total bacteria (23.8% ± 15.0%). This high frequency of particle association, relative to 
total bacteria, could cause Enterococci to be preferentially retained near input sources because of enhanced 
deposition to bottom sediments, where they would be available for later resuspension. In turn, retention and 
resuspension in nearshore environments may explain the observed cross-channel variability of turbidity and 
Enterococci. Assessments and predictive models of estuarine water quality may be improved by incorporat-
ing cross-channel variability and the effects of particle association on key indicators. 
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1. Introduction 
 
Association with particles can be a key aspect of the 
ecology of aquatic bacteria, including both naturally- 
present cells, and allochthonously-introduced pathogens 
[1]. Solute concentrations in the vicinity of particles can 
be dramatically higher than in the surrounding water, 
providing a habitat for bacterial physiologies that would 
not be supported in the bulk phase [2,3]. As a conse-
quence, the bacterial species composition and physio-
logical diversity associated with particles can diverge 
markedly from the free-living community [4,5]. Parti-
cle-associated bacteria can have higher production rates 
[6,7] and different susceptibility to predation than free- 

living cells [8,9]. For these reasons, particles can be 
viewed as islands of favorable microbial habitat sus-
pended within the less favorable water phase [1].  

Particle association is also relevant to the management 
of bacterial contamination of ambient water by sewage. 
For example, particle-associated bacteria may be shielded 
from disinfection by UV light and chemicals [9]. An-
other consideration is that bacteria associated with parti-
cles are likely to sink faster than free-living cells [10,11]. 
In shallow water columns, rapid settling should lead to 
shorter horizontal transport and deposition to the sedi-
ments. Fecal-indicator bacteria (FIB) have been found in 
high numbers in the sediments of many systems. FIBs 
and other exogenous bacteria, including pathogens, may 



 
716 E. SUTER  ET  AL. 

persist longer in sediment reservoirs, or even grow [12, 
13] and can cause water-column contamination after re-
suspension events [14,15]. Thus, estimating particle as-
sociation of FIB is important for modeling sewage con-
tamination and transport. Most sewage contamination 
models currently only account for free-living bacteria, 
which have negligible settling velocities and gain none 
of the protective advantages of particle-association [16, 
17]. Recent models have begun to consider particle asso-
ciation and resuspension as critical, though poorly con-
strained factors [18,19].  

Although high particle loading and turbidity are rec-
ognized as defining characteristics of the Hudson River 
Estuary (HRE), bacterial particle association has not 
been previously studied within this system. The HRE runs 
through one of the most densely-populated and heav-
ily-urbanized areas in the United States, including the 
New York City metropolitan area. Although the HRE has 
a long history of environmental degradation, many wa-
ter-quality indicators have been improving for several 
decades [e.g.,20]. Such improvements are best docu-
mented for the interconnected waterways around Man-
hattan Island and the New York City Harbor [21], al-
though those data have only been reported after consid-
erable temporal (seasonal) and spatial averaging. Sys-
tematic water-quality data are rare for much of the HRE 
north of New York City.  

The goal of this study was to determine the fraction of 
total bacteria and of Enterococci attached to particles in 
the lower HRE at stations representing a variety of habi-
tats and to examine whether the concentrations and par-
ticle-attachment of these organisms differed between 
habitats or correlated with easily-measured hydrographic 
parameters. The results have implications for under-
standing microbial processes in the lower HRE, as well 
as for monitoring, predicting, and managing microbial 
water quality in this important estuary.  
 
2. Material and Methods 
 
2.1. Study Sites and Sample Collection 
 
The data described in this study are part of a larger, on-
going water-quality testing program on the HRE (study 
description and additional data available at http://www. 
riverkeeper.org). This study is based on the subset of 
stations from the larger program that included measure-
ments of total bacterial concentration and/or estimates of 
particle-associated bacteria and particle-associated En-
terococci. The fecal-indicator organism, Enterococcus is 
widely used for indicating sewage contamination in ma-
rine and freshwaters because it is easily detected, abun-
dant in sewage, and rarely present in uncontaminated 

water [22]. Water samples for this study were collected 
at 12 sites along the lower HRE and its tributaries (Fig-
ure 1) between June and October 2008. Samples at 9 of 
the 12 sites were collected during monthly water quality 
surveys conducted aboard the Riverkeeper survey vessel, 
R. Ian Fletcher. Three additional sites, (24W, SC1, and 
26.1) were sampled from shore (Table 1).  

For the 9 stations sampled from the survey vessel, 
temperature, salinity, in vivo chlorophyll fluorescence, 
turbidity, and % oxygen saturation (at approximately 25 
cm depth) were measured using a Hydrolab DS-5 
Datasonde. Sensors were calibrated before each survey 
using the manufacturer’s recommended protocols. In 
vivo chlorophyll fluorescence (measured as relative fluo- 
rescence units) was converted to chlorophyll-a equiva-
lents (µg·l–1) using a regression between the fluorescence 
signal and extracted chlorophyll-a [23] measured in wa-
ter samples collected from a subset of the stations (r = 
0.93, n = 28). For the shore stations (24W, SC1, and 26.1) 
sampled before 7/25/08, only temperature and salinity 
were measured using a handheld YSI 30 salinity/ tem-
perature meter. After 7/25/08, the Hydrolab DS-5 data 
sonde was available for use during shore sampling, so 
that the full suite of variables measured at other stations 
could be measured.  
 
2.2. Bacterial Abundance 
 
500-ml water samples were collected by hand using 
clean polycarbonate containers that were triple-rinsed 
with river water from the station before collecting the 
sample. After gentle mixing, a 1-ml subsample was pre-
served with glutaraldehyde (1% final concentration). 
This “whole-water” sample was used to determine total 
bacteria. Then, following Crump et al. [6], a 15- to 105-ml 
water subsample was gravity filtered through a 47-mm 
diameter, 3.0-µm pore size, polycarbonate membrane 
filter (Millipore Isopore TSTP). A 1-ml subsample of the 
“filtered” water was preserved as above to determine the 
count of non-particle-associated bacteria. The particle- 
associated bacterial fraction was then calculated by sub-
traction.  

Preserved whole and filtered water samples were 
processed in the same way for microscopic counts. The 
first step was to release any potentially-attached bacteria 
from particles, which could otherwise lead to under-
counting. We tested several published protocols based on: 
incubation in an ultra-sonic bath [24], Triton-X 100 (de-
tergent) plus sonication [6], and methanol plus sonication 
[25]. However, none of these methods caused any sig-
nificant release of bacteria from particles (i.e., no sig-
nificant change in bacterial count vs. untreated samples, 
data not shown). We obtained more complete release of    
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Figure 1. Map of sampling stations in the Hudson River Estuary system. Station numbers are river miles, starting from the 
southern tip of the estuary. Tributary stations are indicated with letters.  
 
bacteria from particles with the following procedure, 
used for both filtered and whole water. Tween-80 (0.1% 
final concentration, [26] and EDTA (10 mM final con-
centration, [25]) were added to preserved samples. The 
samples soaked for at least 2 hours and were then vor-
texed at the highest speed of a Vortex-Genie 2 (Scientific 
Industries). Samples were vortexed at least 6 min. be-
cause the increase in bacterial cell count (relative to un-
treated samples) appeared to asymtote after this point 
(Figure 2). After vortexing, bacterial samples were 
stained according to a method adapted from Noble and 
Fuhrman [27]. Samples were gently filtered onto 25-mm 
diameter, 0.2-µm pore, black Nuclepore polycarbonate 
membrane filters and then washed with 0.5 ml of phos-
phate-buffered saline solution (PBS, 0.05 M NA2HPO4, 

0.85% NaCl, with 0.01M ascorbic acid added to reduce 
stain fading). The nucleic acid stain, SYBR Green 1 
(Sigma), was diluted 1:10 of the supplied concentration 
with the PBS buffer. A 10-µl drop of the stain solution 
was placed in the center of each filter and then immedi-
ately mixed and further diluted by adding an additional 
200 µl of PBS. The sample was allowed to stain for 15 
minutes before vacuuming the solution through the filter. 
Filters were then mounted directly on a glass slide (i.e., 
without mounting medium). A 10-µl drop of 50% glyc-
erol/50% PBS was added to the center of the filter, which 
was then covered with a glass cover slip. Slides were 
stored frozen for no longer than 1 month and then 
counted on a Leitz Laborlux 11 epifluorescence micro-
scope with blue-light excita ion at 1000x magnification.  t  
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Table 1. All data measured between June and October 2008 at 12 stations in the lower HRE. ND means no data was collected 
or calculated. Only values <10 and >24,196 MPN 100 ml–1 were used to calculate percent attached Enterococci, *denotes a 
percentage that was not calculated because at least one of the Enterococcus counts (total and >3 µm) were either too low or 
too high. 

Station 
Coordinates  

Category 
Date 

Bacteria cell  
count l–1 

Enterococcus
MPN 100 ml–1

% attached
Enterococci

% attached 
bacteria

Temperature 
(˚C) 

Salinity 
(ppt) 

Chlorophyll 
(µg·l–1) 

Turbidity 
(NTU)

% oxygen 
saturation

6/24/08 5.4E+09 63 68.3 11.0 21.4 20.7 5.4 8 83 

7/14/08 6.1E+09 0 * 11.2 21.4 20.7 9.2 10 93 

8/19/08 5.3E+09 0 * ND 22.8 23.7 5.4 6 81 

9/24/08 7.3E+09 10 * 36.1 21.4 16.3 3.4 9 80 

0 
40˚42'N, 74˚01'W 

Mid-Channel 

10/20/08 6.8E+09 0 * 14.6 16.8 25.4 2.6 2 83 

           

6/24/08 1.6E+10 226 46.5 0.0 22.8 21.5 17 35 11 

7/14/08 2.9E+10 24,196 * 46.3 22.8 21.5 134 20 61 

8/19/08 9.0E+09 223 ND ND 25.2 21.0 80 37 15 

9/24/08 ND 0 ND ND 21.0 22.1 67.8 5 146 

NT2 
40˚42'N, 73˚55'W 

Tributary 

10/20/08 9.7E+09 75 16.0 24.9 16.0 22.9 181 7 226 

           

6/24/08 5.6E+09 134 53.7 6.0 23.1 13.6 8.2 9 91 

7/14/08 1.1E+10 0 * 20.6 23.1 13.6 12.6 10 101 

8/19/08 4.4E+09 0 * ND 24.8 13.4 2.4 14 79 

9/24/08 8.8E+09 0 * 35.9 21.6 11.8 4.8 8 85 

12 
40˚50' N, 73˚57' W 

Mid-Channel 

10/20/08 3.4E+09 0 * 0.0 16.6 21.8 2.8 7 82 

           

6/24/08 5.4E+09 1,650 66.1 9.3 22.2 7.2 5 30 86 

7/14/08 1.6E+10 24,196 * 70.2 22.2 7.2 8.6 71 93 

8/19/08 7.1E+09 20 ND ND 25.5 9.0 5.8 30 87 

9/23/08 8.1E+09 30 ND 10.7 21.0 10.7 4 20 81 

18.5E 
40˚56'N, 73˚54'W 

Near Shore 

10/21/08 6.8E+09 10 ND ND 15.4 12.0 5.2 15 88 

           

9/18/08 1.3E+10 659 89.2 40.5 22.4 7.9 7.2 105 96 24W 
41˚00'N, 72˚54'W 

Near Shore 10/8/08 1.1E+10 10 * 14.6 19.3 6.8 9.2 48 96 

           

6/9/08 ND 457 ND ND 22.1 0.3 ND ND ND 

6/20/08 5.0E+09 139 49.6 5.1 18.2 0.3 ND ND ND 

7/1/08 3.6E+09 272 62.2 15.6 20.2 0.3 ND ND ND 

7/11/08 2.9E+09 62 38.1 0.0 19.8 0.3 ND ND ND 

SC 1 
41˚01'N, 73˚55'W 

Tributary 

7/25/08 1.0E+10 303 36.0 34.4 21.0 0.3 ND ND ND 
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6/9/08 ND 4 ND ND 25.6 7.0 ND ND ND 

6/20/08 7.0E+09 5 60.0 10.2 22.9 7.7 ND ND ND 

7/1/08 1.3E+10 41 58.5 38.6 25.1 8.0 ND ND ND 

7/11/08 7.1E+09 0 * 39.2 27.3 6.1 ND ND ND 

7/25/08 9.4E+09 5 * 16.1 27.7 7.1 ND ND ND 

8/21/08 1.0E+10 30 ND ND 23.5 6.3 5.6 21 77 

9/18/08 6.4E+09 6 91.7 42.1 22.6 7.4 5.2 30 87 

26.1 
41˚02'N, 73˚53'W 

Near Shore 

10/8/08 8.1E+09 10 * 14.5 19.4 6.4 4.8 35 93 

           

6/25/08 1.3E+10 1,413 59.0 23.9 22.6 5.9 4.6 26 81 

7/15/08 2.7E+10 525 21.5 29.0 22.6 5.9 9.4 37 85 

9/23/08 2.4E+10 10.9 52.3 20.7 20.6 4.0 4.4 24 84 

26W 
41˚02'N, 73˚53'W 

Outfall 

10/21/08 2.8E+10 10,112 47.2 41.3 15.3 8.0 4.2 16 78 

           

6/25/08 6.8E+09 210 71.4 25.7 24.4 5.8 12.4 13 99 

7/15/08 1.5E+10 1 * 34.5 24.4 5.8 11.4 27 104 

8/21/08 3.0E+09 0 * ND 25.6 5.0 10.8 10 95 

9/23/08 9.8E+09 0 * 34.8 21.9 6.0 4 6 92 

27.5 
41˚05'N, 73˚53'W 

Mid-Channel 

10/21/08 4.8E+09 10 * 19.5 15.4 8.5 7 6 91 

           

6/25/08 4.4E+09 27 13.4 22.6 25.2 3.6 3.4 16 88 

7/15/08 5.3E+09 0 * 35.2 25.2 3.6 6.6 16 96 

8/21/08 2.8E+09 0 ND ND 26.7 2.8 4.6 9 82 

9/23/08 6.5E+09 0 * 30.6 24.4 3.2 3.4 9 86 

35.5 
41˚13'N, 73˚55'W 

Mid-Channel 

10/21/08 4.0E+09 0 * 12.4 18.5 5.5 3.6 8 88 

           

6/25/08 4.2E+09 39 ND 33.6 25.1 3.5 3.8 17 89 

7/15/08 1.5E+10 25 57.3 12.8 25.1 3.5 13.6 23 113 
40W 

41˚13'N, 73˚58'W 
Near Shore 

10/21/08 3.9E+09 10 * 32.7 18.8 5.2 4.2 9 88 

           

40.5 
41˚14'N, 73˚57'W 

Mid-Channel 
8/21/08 2.2E+09 0 ND ND 27.6 2.4 5 8 85 

mean  9.1E+09 1231 52.9 23.8      

1 standard deviation  6.4E+09 4802 20.9 15.0      

1 standard error  1.3E+08 91 1.0 0.4      

 
Twenty fields per slide were counted; field size was ad-
justed for each slide to reach an approximate count of 10 
cells per field.  

2.3. Enterococcus Counts 
 
The same whole and filtered water samples used for the  
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Figure 2. Change in final bacterial cell count during vor-
texing, shown as the proportional change relative to the 
initial count at time 0 (i.e., no change = 1). 
 
counts of total bacteria were used to determine free-liv- 
ing and particle-associated Enterococcus concentrations. 
Enumeration was based on Enterolert media and Quanti- 
tray/2000 (IDEXX Laboratories). The trays were incu-
bated at 41˚C for 24 hours and counted using Enterolert’s 
Most Probable Number (MPN) method based on total 
numbers of large and small positive wells per tray. Sam-
ples with salinity > 5 ppt were diluted 1:10 with sterile, 
deionized water, following the manufacturer’s instruc-
tions. 
 
2.4. Statistical Analyses 
 
Because of high variability in the Enterococcus data, 
central tendency for Enterococcus counts pooled by sta-
tion or habitat category used medians and geometric 
means, rather than arithmetic means. For geometric mean 
calculation, zero-values were replaced with a value 1 
significant digit below the detection limit. Because non- 
parametric statistical tests were required for the Entero-
coccus data, non-parametric tests were used throughout. 
Multiple-means comparisons used two-tailed Kruskal- 
Wallis tests with post-hoc testing based on Dunn’s Mul-
tiple Comparison with a significance threshold of 0.05. 
Correlations between variables paired by station and time 
were assessed using Spearman’s rs and p-values from 
two-tailed tests, with a significance threshold of 0.05. 
 
3. Results/Discussion 
 
Table 1 shows the full data set included in this study 
from both monthly surveys and shore sampling; the data 
is organized by station from south to north (decreasing 
salinity), and by date. Each site was assigned a habitat 
category. “Mid-channel” and “near shore” categories are 
self-explanatory. Some of the “near shore” sites (18.5E 

and 40W) were near the mouths of tributaries (the Saw-
mill River and Cedar Pond Brook, respectively) and thus 
also potentially influenced by those tributaries. However, 
all of the “near shore” sites were located in the main 
river, near the edge. The “tributary” category includes 
only those samples that were actually within tributaries, 
away from direct influence of the main river. One site, 
labeled “Outfall,” was sampled in the rising effluent 
plume of the Orangetown sewage outfall, near Piermont, 
NY. 

On several dates, dense phytoplankton blooms were 
found in Newtown Creek (station NT2). Presumably 
because of very high primary production, on two dates 
the surface waters in these blooms were highly super-
saturated with O2. The O2 readings provided for that sta-
tion on those two dates were well beyond the range of 
values for which the sensor was calibrated (maximum 
value in calibration = 100% saturated). Although the 
absolute accuracy of those readings is therefore uncertain, 
they clearly indicate extreme supersaturation. 
 
3.1. Turbidity 
 
A north/south turbidity maximum in the HRE mid- 
channel is not always clearly present, particularly in sur-
face sampling [28] and was not apparent in our observa-
tions (Figure 3). However, turbidity did differ signifi-
cantly between habitat categories (H = 21.8, P < 0.001). 
Mean turbidity was lowest in the mid-channel, and post- 
hoc testing indicated that the mid-channel mean was sig-
nificantly different from both the near shore and outfall 
sites. 
 
3.2. Bacterial Abundances 
 
Average bacterial abundance in this study was 9.2 × 109 
± 6.4 × 109 cell·l–1 (1 standard deviation), a relatively 
high value compared to many estuaries [29], but consis-
tent with other data from the HRE. Findlay [30] found a 
grand mean in the HRE of 7.6 × 109 bacterial cell·l–1 with 
lower and upper quartiles of 4.6 and 9.5 × 109 cell·l–1, 
respectively, although the observations were mostly from 
the freshwater portion of the estuary, north of the stations 
sampled in this study. The range of bacterial abundance 
in this study also overlapped with data for the lower 
HRE provided in Taylor et al. [31]. While relatively 
lower bacterial abundances for the lower HRE were de-
scribed in Sanudo-Wilhelmy and Taylor [32], that study 
took place in early spring when water temperatures were 
<6.5˚C. 

Sanudo-Wilhelmy and Taylor [32] found a general 
northward decrease in bacterial abundance in the lower 
HRE in early spring, while Taylor et al. [31] found a    
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Figure 3. Mean turbidity and bacterial counts plotted by river mile. Mid-channel sites shown with circular symbols, other 
habitat categories shown with square symbols. Data for mid-channel sites are also connected by lines. Station names are in-
dicated near each data point. Error bars are 1 standard error. 
 
general northward increase. In this study, mean bacterial 
abundance at mid-channel sites showed little evidence 
for any north/south trends (Figure 3). Significant differ-
ences in bacterial abundance were found among the four 
different habitat categories (H = 14.9, P = 0.002). How-
ever, post-hoc testing indicated that only the outfall had 
significantly higher bacterial abundance.  

The mean percent of total bacteria associated with par-
ticles (>3.0 µm) was 23.8 ± 15.0 % (1 standard devia-
tion). For comparison, Ducklow and Kirchman [33] 
quantified particle-associated bacteria in the offshore 
Hudson River plume in early spring, finding approxi-
mately 16% attached bacteria (i.e., those captured by a 
3-µm filter). Approximately 9% of the bacteria were 
particle-associated in waters outside the plume. It is not 
unusual for estuaries to have high levels of bacterial par-
ticle association. For example, approximately 45% of 
total bacteria were associated with > 3-µm particles in 
the estuarine turbidity maximum of the Columbia River 
estuary [6,34]. In this study, the highest turbidities (at 
stations 18.5E (7/14/08) and 24W (9/18/08)) also coin-
cided with high bacterial abundances and a high per-
centage of particle-attached bacteria (1.6 × 1010 cell·l–1, 
with 70.2% attached and 1.3 × 1010 cell·l–1, with 40.5% 
attached, respectively). However, the mean percent of 

particle-associated bacteria did not differ significantly 
between the four habitat categories (H = 2.2, P = 0.54). 
 
3.3. Enterococcus Counts 
 
Enterococcus concentrations in this study ranged be-
tween 0 and 24,196 MPN 100 ml–1 (both ends of the de-
tection limit). US Environmental Protection Agency (US 
EPA) guidelines recommend closure of marine swim-
ming beaches after a single-sample Enterococcus count 
exceeding 104 cells 100 ml–1 [22]. Of the 52 samples, 15 
had undetectable Enterococcus concentrations, while 15 
samples had an MPN 100 ml–1 greater than the US EPA’s 
single sample maximum criteria for Enterococci. While 
there were single-sample maximum exceedances of En-
terococci in some mid-channel sites, these were rare 
compared to exceedances at other stations (such as 
Piermont Outfall, Newtown Creek, and Sparkill Creek). 
Geometric mean values for the near shore, tributary and 
outfall sites were all higher than the mid-channel sites 
(Figure 4). Median values for each category followed 
the same pattern, which was statistically significant (H = 
26.24, P < 0.0001). Post-hoc testing indicated that the 
mid-channel category was significantly different from 
the other 3 categories; the remaining 3 categories were  
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Figure 4. Geometric mean and median of Enterococcus 
concentration for each habitat category. Positive error bars 
are larger than the negative error bars because they are the 
geometric standard error. The median value of the mid- 
channel category was 0. 
 
not significantly different from each other. This result 
may reflect greater near-shore inputs (e.g. CSOs, tribu-
taries, and non-point source run off), and possibly also 
different Enterococcus retention and resuspension, in 
these habitats compared to the main channel. 

The mean fraction of Enterococci (52.9% ± 20.9%, 1 
standard deviation) associated with particles in the HRE 
was greater than the fraction of particle-associated bacte-
ria in the background community. Other studies have 
described similarly-high particle associations for En-
terococci. In the Neuse River Estuary (North Carolina, 
USA), an average of 60% of Enterococci were attached 
to “settleable particles” (separated by centrifugation) 
during dry weather and 35% during wet weather [35]. By 
contrast, in North Carolina creeks, an average of 15% of 
Enterococci were particle associated in dry weather and 
45% in wet weather [17]. In a subsequent study of the 
same systems, 37% of Enterococci were particle associ-
ated on average during storm events [36]. Potential dif-
ferences in particle association of Enterococci between 
wet-weather and dry-weather events were not accounted 
for in this study; however, the lower HRE has a high 
particle load even during dry weather. Although Entero-
coccus counts differed significantly among habitat cate-
gories (see above), no significant differences in particle 
association of Enterococci were found between catego-
ries (H = 7.22, P = 0.07).  
 
3.4. Correlations 
 
Turbidity correlated significantly with total bacterial 
counts (Table 2), though not with the percent of particle- 
associated bacteria. There was also a significant positive 
relationship between total bacteria and the percent parti-

cle associated. The correlation between turbidity and 
bacterial counts in this study contrasts with studies of the 
Columbia River Estuary and San Francisco Bay, where 
the two variables were not significantly correlated [7,34]. 
However, in both of those systems, turbidity did corre-
late positively with bacterial production, so a connection 
between bacteria and turbidity is not necessarily unusual.  

Enterococcus MPN and turbidity were also signifi-
cantly correlated. Similarly, two studies in the Neuse 
River Estuary found significant correlations between 
Enterococci and total suspended solids (TSS) [14,35]. 
Other studies have also found correlations between tur-
bidity/TSS and other FIB, including E. coli and fecal 
coliforms [37]. While the correlation is consistent with 
the high fraction of particle-associated Enterococci found 
in the HRE, turbidity was not significantly correlated 
with the percent of particle-attached Enterococci.  

Relationships between turbidity or TSS and FIBs in 
the HRE and other systems suggest that better sedimen-
tation control practices could improve microbial water 
quality, as has been suggested for streams in North Caro-
lina [36]. However, the mechanistic connection between 
FIB and suspended solids is not well understood. In the 
HRE, the correlation between Enterococci and turbidity, 
as well as the high degree of particle association by En-
terococci compared to the background bacterial commu-
nity, could result from input conditions, colonization of 
particles after input, enhanced in-situ persistence of par-
ticle-associated Enterococci, or resuspension of con-
taminated sediments. A related issue is the physical/ 
chemical characteristics and source of the particles colo-
nized by Enterococci in the HRE compared to the bulk 
of suspended solids. The majority of suspended solids in 
the HRE are delivered from upriver sources [38]. It is 
unknown whether these particles can be colonized by 
Enterococci, or other exogenous bacteria, following 
sewage input events.  

In these data, the relationship between chlorophyll 
concentration and bacterial abundance was significant, as 
has been described for other systems [39], though not for 
the HRE [30,31]. The correlation between bacterial 
abundance and chlorophyll concentration in this study 
may be related to a wider range of habitat categories (and 
a correspondingly wider range of chlorophyll concentra-
tions) sampled compared to previous research.  

Counts of Enterococci and chlorophyll concentration 
were also significantly related in these data. Significant 
correlations between Enterococci and phytoplankton 
pigments have been described for other estuaries [40]. A 
plausible explanation for a positive relationship between 
Enterococci and chlorophyll may be that the nutrients in 
sewage, input together with Enterococci, contribute to 
phytoplankton blooms. Simi arly, sewage inputs may  l    
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Table 2. Correlation matrix of variables from Table 1. The upper number is the Spearman correlation coefficient (rs), corre-
sponding P-values are listed below in italics. Correlations with P-values < 0.05 are highlighted in bold type.  

 Salinity Chlorophyll Turbidity 
% Oxygen 
Saturation 

Bacteria 
cell count 

Enterococci 
cell count 

% Attached 
Bacteria 

% Attached 
Enterococci

0.20 0.18 0.23 0.01 0.04 0.18 0.26 0.17 
Temperature 

0.15 0.24 0.15 0.93 0.77 0.19 0.10 0.46 

    

 0.22 0.24 0.24 0.25 0.09 0.04 0.13 
Salinity 

 0.16 0.13 0.12 0.08 0.52 0.79 0.59 

    

  0.28 0.39 0.43 0.32 0.02 0.03 
Chlorophyll 

  0.07 0.01 0.005 0.04 0.93 0.92 

    

   0.04 0.54 0.60 0.16 0.20 
Turbidity 

   0.80 <0.001 <0.001 0.39 0.49 

    

    0.02 0.18 0.07 0.11 
% Oxygen Saturation 

    0.88 0.25 0.69 0.69 

    

     0.43 0.42 0.16 
Bacteria cell count 

     0.002 0.01 0.50 

    

      0.08 0.02 
Enterococci cell count 

      0.61 0.93 

    

       0.16 
% Attached Bacteria 

       0.50 

 
elevate dissolved organic matter concentrations, which 
could explain the positive relationship between counts of 
total bacteria and counts of Enterococcus. Alternately, 
the correlation could simply derive from covariation be-
tween bacteria, Enterococci, and chlorophyll. The re-
maining robust correlation in these data, between chlo-
rophyll and oxygen saturation, is almost certainly attrib-
utable to oxygen production during photosynthesis. 
 
4. Conclusions 
 
Many portions of the HRE currently lack comprehensive 
water-quality testing for sewage indicators, and the mi-
crobiology of the lower HRE has received only limited 
study. Combining the available information (including 
this study), bacterial abundance in the lower HRE is rela-
tively high compared to many estuaries. While previ-
ously described north-south patterns of bacterial abun-
dance were not apparent, new spatial patterns between 
the mid-channel and near shore sites were revealed. 

Similarly, mid-channel Enterococcus counts were lower 
than counts near shore, in tributaries, and near an outfall. 
In establishing a comprehensive water-quality testing 
program for the HRE, it will be important to take cross- 
channel variability into account.  

This was the first study to assess particle association 
of bacteria in the HRE. On average, 24% of total bacteria 
in the lower HRE were associated with particles, bacte-
rial abundance was significantly correlated with turbidity, 
and the percent of particle-associated bacteria rose with 
increasing bacterial count. These relationships may re-
flect the more favorable conditions for bacterial activity 
near particles, or they may simply reflect the observation 
that turbidity tends to be higher near shore where inputs 
and resuspension lead to high bacterial counts.  

The finding that over half of the Enterococci were as-
sociated with particles has important management im-
plications. The microenvironment around particles may 
favor longer Enterococci persistence and settling to the 
bottom. This could reinforce the heterogeneous distribu-
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tion of Enterococci in the estuary. For example, large 
particles may settle out in the vicinity of near shore 
sources (e.g., sewage outfalls, CSOs), potentially rein-
forcing the difference between depositional near shore 
and mid-channel environments. Resuspension in near- 
shore environments could explain the correlation be-
tween Enterococci and turbidity. 

The high degree of particle association by Enterococci 
in relation to the background bacterial community may 
result from input conditions, preferential attachment by 
Enterococci after input, or higher in-situ persistence of 
particle-associated compared to free-living Enterococci. 
Understanding the dynamics of particle-associated cells 
is critical to evaluating monitoring data, developing wa-
ter-quality models, and selecting best management prac-
tices. The process of attachment and the effects of parti-
cle association on persistence and sedimentation of FIB, 
such as Enterococcus, should be studied in greater detail, 
especially in systems with high particle concentrations, 
like the HRE. 
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